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Lake Auburn, Maine, U.S.A. is a historically oligotrophic lake serving as the 
primary drinking water source to a population of 40,000. In 2011 and 2012 the local 
water district observed decreasing water quality, evidenced by increasing epilimnetic 
total phosphorus (P) concentrations, increasing lake turbidity and the appearance of 
cyanobacteria. These conditions are especially concerning due to Lake Auburn’s 
exemption from filtration by the EPA. The decline in water quality has been linked to 
widespread hypolimnetic summer anoxia, causing internal P loading from the lake 
sediment. This study evaluated the chemical P speciation in hypolimnetic sediment from 
Lake Auburn following the Psenner method for sequential chemical extractions to 
measure P associated with reducible Fe hydroxide (bicarbonate-dithionite extraction), Al 
 hydroxide and organic matter (NaOH extraction), and acid-soluble species (HCl 
extraction). Results show that Lake Auburn sediments are high in reducible Fe hydroxide 
(107 to 1267 µmol g-1) and relatively low in Al hydroxide (77 to 242 µmol g-1). Analyses 
of longer sediment cores (~60 cm) identified concentrated Fe and P in the surficial 
sediment (0-2 cm). Previous research has shown sediments with molar Al 
hydroxide:reducible Fe ratios < 3 and Al hydroxide:reducible Fe-bound P < 25 to act as a 
source of P under anoxic conditions. Lake Auburn sediment exhibits molar Al:reducible-
Fe ratios between 0.2 and 1.7 and molar Al:reducible Fe-bound P ratios between 2.0 and 
14.5, indicating a risk for internal P loading. An investigation of water chemistry sampled 
in transect along Lake Auburn tributaries showed that Al removal and dilution in 
upstream lakes and wetlands paired with seasonal Fe export from upstream wetlands is 
causing low Al and high Fe concentrations in tributary streams and likely impacting 
sediment chemistry, resulting in vulnerability to eutrophication.
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1. INTRODUCTION 
In freshwater systems, phosphorus (P) is typically a limiting nutrient for 
biological growth. Elevated P concentration is commonly the driving force behind the 
eutrophication of lakes, which can harm water quality by increasing turbidity, causing 
algae blooms, and altering local biological communities. Eutrophication can also have 
adverse effects on ecosystem services, including safety of drinking water resources and 
human activities such as lake recreation. For these reasons, understanding the phosphorus 
budget and cycling within lake systems is crucial in protecting this resource.  
Both external and internal sources of P exist; however, internal sources are 
sometimes overlooked in lake management practices. Internal P cycling can be the 
driving force of eutrophication in lakes that experience hypolimnetic anoxia and have 
relatively high ratio of reducible iron hydroxide (Fe(OH)3):aluminum hydroxide 
(Al(OH)3) in the sediment (Kopáček et al. 2005a; Lake et al. 2007; Homyak et al. 2014). 
Assessing sediment chemistry with respect to P speciation in afflicted lakes is a useful 
tool in determining potential vulnerability to internal P loading under anoxic conditions. 
Pairing existing sediment chemistry with mass balances of Al and Fe for lake systems 
could be a powerful tool in engineering long-term solutions to declining water quality 
while helping to maintain safe and reliable lake resources.  
One lake affected by internal P cycling is Lake Auburn, Maine, U.S.A. Lake 
Auburn serves as the primary drinking water supply for over 40,000 people. Due to its 
historically high water quality (Secchi transparency depths averaging > 6 m, turbidity 
values rarely > 1 NTU) the U.S. EPA has exempted the Auburn Water District/Lewiston 
Water Division (AWD/LWD) from filtration. In 2011 and 2012 the AWD/LWD observed 
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decreased water quality, evidenced by rising turbidity (86 and 113 days > 1 NTU), toxic 
cyanobacterial blooms (Gloeotrichia, Microcystis and Anabaena), and in 2012 the die off 
of >500 lake trout. Additionally, the AWD/LWD observed summer epilimnetic total P 
(TP) concentrations > 14 µg L-1, nearly twice those recorded in 2005, and hypolimnetic 
TP concentrations > 40 µg L-1. These events occurred in the late summer/early fall and 
were largely attributed to above average water temperatures and storm events, causing 
large volumes of hypolimnetic anoxic water (CDM Smith, 2013). During 2013 and 2014, 
there was minimal or no hypolimnetic anoxia resulting in no major P release from the 
sediment. The 2011 and 2012 decrease in water quality and the presence of toxic blue-
green algae identified Lake Auburn as at risk of eutrophication. The frequency and 
severity of these events may require the AWD/LWD to construct and operate, at 
significant cost, a water filtration facility. Meanwhile, years with decreased water quality 
pose a potential health risk to the serviced communities.  
Studies have shown Fe(OH)3 bound P in surficial sediment to be susceptible to P 
release under anoxic conditions (Nurnberg 1988); however, if present at a high enough 
concentration, Al(OH)3 prevents Fe(OH)3-released P from entering the water column 
(Kopáček et al. 2005a). This study investigates the controls on internal P cycling in lake 
sediment by determining sediment P speciation with respect to Fe and Al and its 
implications for lake trophic status by performing a series of chemical extractions on 
hypolimnetic sediment from Lake Auburn. In addition, this study evaluates the sources of 
sediment Fe and Al by measuring seasonal changes in metal concentration and speciation 
in upstream lakes, wetlands, and tributaries to help determine the potential cause of Lake 
Auburn’s vulnerability to eutrophication.   
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2. LITERATURE REVIEW 
2.1 Phosphorus Budgeting  
Phosphorus can be introduced into the water column of lakes via both external 
and internal mechanisms, largely governed by the physical and chemical characteristics 
of the watershed and lake sediment. In natural systems, P is present in both organic and 
inorganic forms. The organic fraction includes P that has been incorporated into biomass 
and can be mineralized over time (Ahlgren et al. 2005). Inorganic P is predominantly in 
the form of orthophosphate, with various degrees of protonation governed by the pH of 
the system (Morel and Hering 1993). Most freshwater bodies in Maine have a circum-
neutral pH, resulting in dihydrogen phosphate (H2PO4
-) and monohydrogen phosphate 
(HPO4
2-) being the dominant species in solution. 
2.2 External P Loading 
The principal source of P is from chemical weathering of apatite (Ca5(PO4)3(OH)) 
in soils and bedrock and by atmospheric deposition (Norton et al. 2006). The 
mobilization of P in watersheds has been strongly linked to the mobilization of aluminum 
(Al) and iron (Fe), both in +III oxidation states and solid hydroxide forms, suggesting 
that phosphate is adsorbed to these metals (Reinhardt et al. 2004; Norton et al. 2006). 
Increasing metal mobility by acidification positively correlates with phosphate export 
within a watershed (Roy et al. 1999; Reinhardt et al. 2004). Additionally, increased P 
export has been linked to watersheds recovering from acidification that causes desorption 
of phosphate from soil phases with increasing pH (Kopáček et al. 2015).  
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External P inputs can also be influenced by anthropogenic activities including 
application of phosphate-containing fertilizers, deforestation, and development. Fertilizer 
applications result in increased concentrations of P in watershed soils, while deforestation 
and development cause increased transport directly into water bodies via erosion and 
storm runoff, removing organic buffer zones, which both consume and slow the 
movement of P (Fisher and Acreman 2004; Foley et al. 2005). After introduction into a 
lake, P may be: (1) discharged from the lake via outlets and incorporated into 
downstream systems, (2) utilized by biological processes, or (3) precipitated and 
incorporated into the sediments (Wetzel 2001).  
Sediment P burial patterns are indicative of lake trophic status, as shown by Carey 
and Rydin (2011) in a review of sediments from 94 temperate lakes evaluating TP down-
core (Figure 1.1). They concluded that eutrophic lakes have more mobile pools of 
sediment P than mesotrophic and oligotrophic lakes, which are more effective at 
permanent P burial in the sediment. This relationship highlights differences in sediment 
properties between lakes of various trophic status and their potential to act as either a 
source or sink of water column P.  
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Figure 2.1: Sediment TP (mean ± 1 S.D.) profiles for 94 lakes of different trophic status 
showing P burial patterns. Adapted from Carey and Rydin (2011). 
2.3 Internal P Loading 
Internal P cycling, first identified by Einsele (1936) and Mortimer (1941), is the 
mechanism of P release from lake sediment into the water column. Important parameters 
influencing sediment P efflux include microbial activity related to the hyper-
accumulation and release of P by bacteria (Gachter and Meyer 1993; Weber et al. 2006); 
the reductive dissolution of Fe(OH)3 and release of Fe-bound P under anoxic conditions 
(Nurnberg 1987, 1988); and the amount of sediment Al(OH)3, relative to Fe(OH)3, which 
is not susceptible to changes in redox and, if undersaturated with respect to adsorption 
sites, may scavenge mobile P (Kopáček et al. 2005a; Lake et al. 2007; Homyak et al. 
2014). The release of P from the sediment causes an increase in P concentrations in the 
hypolimnion. The vertical migration of hypolimnetic P into the photic zone, where it 
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becomes available to primary producers, algae and cyanobacteria, can be slow during 
periods of strong lake stratification brought about by a temperature gradient and slow rate 
of eddy diffusion (Rimmer et al. 2006).  
2.3.1 Internal Mixing 
Phosphorus released from hypolimnetic sediment diffuses down the concentration 
gradient and into the hypolimnion. While vertical molecular diffusion rates are 
considerably slower than advective processes, this method of introduction can be 
seasonally dominant (Eckert et al. 2002; Tordova et al. 2014). Over shorter timeframes 
(hours or days) internal wave processes can induce mixing events that can increase 
diffusion rates by destabilizing stratification or introduce large volumes of P-rich 
hypolimnetic water to the epilimnion. Internal mixing can be induced by strong wind 
events that can erode the thermocline and by whole-lake mixing during destratification 
(Lewis 1983; Eckert et al. 2002). Alternatively, biological activity can aid the vertical 
movement of P in the water column. Several species of cyanobacteria (e.g., Gleotrichia 
and Anabaena) have the ability to control their buoyancy, allowing for transport of hyper-
accumulated P from deeper, nutrient rich waters to the photic zone (Welch and Barbeiro 
1992; Pepper et al. 2015).  
While lake water quality in developed watersheds is sometimes conceptualized 
based on external P flux (Dillon and Vollenweider 1974) internal P cycling can have just 
as detrimental an effect on the trophic status of a lake, and can provide insight on why 
some lakes within remediated watersheds exhibit retarded recovery with respect to water 
column P concentrations (Jeppesen et al. 2005; Sondergaard et al. 2013). 
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2.3.2 The Role of Iron 
One mechanism of P release from the sediment is the reductive dissolution of 
Fe(OH)3 to Fe(II) and the subsequent release of Fe-bound phosphate. In recent decades, 
focus has shifted from measuring sediment TP to measuring sediment reducible P.  
Reducible P represents the pool of potentially mobile P in the sediment and can be used 
to characterize lake vulnerability to internal P cycling (Nurnberg et al. 1986; Kopáček et 
al. 2005a; Wilson et al. 2010; Carey and Rydin et al. 2011). Evaluating the chemical 
speciation of sediment P has proven to be a useful method in determining lake 
vulnerability to internal P loading under anoxic conditions in the hypolimnion (Lake et al. 
2007; Homyak et al. 2014).  
Reductive dissolution of Fe(OH)3 occurs as oxygen becomes depleted in the 
hypolimnion (Mortimer 1941). Hypolimnetic anoxia occurs in many stratified lakes and 
is fueled by the decomposition of settling organic matter. Nurnberg (1995) linked oxygen 
consumption to lake morphometry (depth, stability of stratification), nutrients (increased 
biomass for decomposition), and temperature (increased metabolic rate at higher 
temperature). 
Anaerobic bacteria catalyze the reduction of Fe(OH)3, utilizing the chemical 
energy released (Pepper et al. 2015). In lakes with high sulfate (SO4
2-) concentrations this 
reaction can be paired with SO4
2- reduction to sulfide (S(-II)), which is also microbially 
catalyzed under anaerobic conditions (Caraco et al. 1993). The presence of dissolved S(-
II), as hydrogen sulfide (H2S) and bisulfide (HS
-) can displace adsorbed P and directly 
reduce Fe(OH)3, potentially aiding the P release and hindering its re-adsorption (Caraco 
et al. 1993; Golterman 1995; Amirbahman et al. 2003).  
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Amirbahman et al. (2003) attempted to predict P flux from Fe(OH)3 reduction 
rates from the sediments of 11 lakes in Maine that experience hypolimnetic anoxia in the 
summer. Average Fe(III) reduction rates were modeled using changing early to late 
summer Fe(II), SO4
2-, and S(-II) concentrations. In all 11 lakes, modeled Fe(II) fluxes 
were shown to correlate with predicted P flux, determined from sediment P associated 
with reducible species (sediment P extraction using Ti-EDTA following Heron et al. 
1994), suggesting that in reducing environments, Fe(OH)3-associated P should be 
released. However, only nine of the lakes experienced actual P fluxes consistent with the 
predicted P fluxes (Figure 1.2). The two outlier lakes (Highland and Pennesseewassee) 
had predicted P fluxes of approximately 12 mg m-2 d-1, yet measured P fluxes were 
approximately 1 mg m-2 d-1.  While Fe(OH)3 reduction in some lakes controls sediment P 
flux, the outlier lakes in this study showed that in some cases alternate mechanisms might 
affect the internal P cycling from the sediments.  
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 Aluminum hydroxide has a strong sorption capacity for P in lake sediments; P 
adsorption onto Al(OH)3 is not affected by changing redox conditions (Kopáček et al. 
2000; Maasen et al. 2005). Kopáček et al. (2000) identified that sediments in an acidified 
lake in the Bohemian Forest, Czech Republic experiencing prolonged summer anoxia 
released Fe(II) but not P. They suggested that P was immobilized by high Al(OH)3 in the 
sediment, a result of runoff from acidified soils. This prompted further investigation into 
the controls for P release during hypolimnetic anoxia, and a deeper focus on P speciation 
with respect to Al and Fe in lake sediment to quantify mobile and immobile pools of P. 
 
Figure 2.2: The predicted P flux from hypolimnetic sediments in 11 Maine lakes 
versus the observed P flux. P flux in Highland and Pennesseewassee lakes was not 
effectively modeled by the reduction of Fe(III). Adapted from Amirbahman et al. 
(2003). 
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2.3.3 Determining Sediment Chemistry 
Phosphorus speciation in sediment may be determined using sequential chemical 
extractions. The Psenner extraction procedure (Psenner 1984) is widely used in lake 
sediment research because it discriminates among P associated with reducible (Fe(OH)3 
and MnO2), alkaline soluble (Al(OH)3 and organics), and acid soluble (CaCO3 and other 
carbonate minerals) species. The Psenner procedure consists of five sequential chemical 
extraction steps, each dissolving a different fraction of P.  
(1) The first step is extraction by distilled water, or 1 M NH4Cl (Tessier et al. 
1979) and removes P in pore water and loosely adsorbed to the sediment.  
(2) The second step is a 0.11 M sodium bicarbonate (NaHCO3)-buffered 0.11 M 
sodium dithionite (Na2S2O4) solution (BD). The sediment is exposed to the BD solution 
for 0.5 hr at 40oC to remove reducible species and associated P. The sum of the NH4Cl 
and BD fractions is used to indicate potentially available P under anoxic conditions.  
(3) The third step is extraction using 0.1 M sodium hydroxide (NaOH) for 16 hr at 
25oC. This step removes Al-bound P and organic P. The NaOH fraction can be further 
analyzed for reactive P (rP, assumed to be orthophosphate) and non-reactive P (nrP, 
assumed to be organic P) using molybdate blue colorimetry (Murphy and Riley 1962).  
(4)The fourth step is extraction by 0.5 M HCl for 16 hr at 25oC to remove acid 
soluble species.  
(5) The fifth step is extraction by 1 M NaOH for 24 hr at 85oC. This extraction 
step removes any residual leachable species in the sediment.  
The ability of this procedure to distinguish between redox sensitive (i.e., reducible 
Fe(OH)3-bound) and redox stable (i.e., Al(OH)3-bound) P makes it ideal for determining 
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lake vulnerability to internal P loading because Fe and Al are believed to play a major 
role in the mobility of sediment P. 
2.3.4 The Role of Aluminum 
Kopáček et al. (2005a) examined the release of reactive P from sediments of 43 
lakes of varying trophic status, pH, climate, and external P loading. This study focused on 
the ability of sediment Al (primarily in the form of Al(OH)3) to sequester sediment P, and 
concluded that if sufficient sediment Al(OH)3 is present then negligible amounts of P are 
released. The proposed mechanism preventing P release is the re-adsorption of P by 
Al(OH)3 following its reductive release from Fe(OH)3. Using the Psenner extraction 
procedure (Psenner et al. 1984) Kopáček et al. (2005a) found that lake sediment with 
molar ratios of 0.1 M NaOH-extractible Al (AlNaOH):FeBD > 3 or with AlNaOH:PBD ratios > 
25 released negligible amounts of P to the hypolimnion. The threshold for AlNaOH:FeBD is 
a result of the P saturation of Fe; if  > 3 moles of Al are present for every mole of Fe, 
then there is enough reactive surface area on Al to successfully re-adsorb P released from 
Fe during anoxia.  The threshold for AlNaOH:PBD is a result of competition for binding 
sites on Al(OH)3 between P and organic carbon, which can prevent the re-adsorption of 
P.  Kopáček et al. (2005a) showed a linear correlation between PBD and organic carbon 
removed in the BD fraction for sediment with AlNaOH:PBD < 25 and the risk of P release 
from sediment increased with the total organic content of the sediment. These thresholds 
suggest that determining the speciation of P in the sediment with respect to Al and Fe 
may be a valuable tool in assessing internal P loading.  
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Following the model from Kopáček et al. (2005a), Lake et al. (2007) assessed the 
sediment chemistry of six of the 11 lakes from Amirbahman et al. (2003). Lake et al. 
(2007) showed that the P flux from the outlier lakes (Highland and Pennesseewasse) 
could be predicted following the molar ratios proposed by Kopáček et al. (2005a). 
However, in the lakes that did exhibit hypolimnetic P release, P flux from only two of the 
studied lakes was accurately predicted, with the ratio model overestimating P flux in the 
two remaining lakes. Lake et al. (2007) concluded that the Kopáček et al. (2005) model 
effectively predicts P sequestration, but struggles to predict P flux from sediments where 
AlNaOH:FeBD ratios are < 3 and AlNaOH:PBD ratios are < 25. Lake et al. (2007) suggested 
that microbial activity might impact the reduction of Fe(OH)3 by favoring an alternate 
electron acceptor for metabolism (i.e., oxygen still acts as the predominant electron 
acceptor).  
2.3.5 Methods for Controlling Internal P Cycling 
While accounting for the external P budget is a traditional method of improving 
and maintaining lake water quality (Dillon and Vollenweider 1974), it has proven to be 
less effective in lakes where the dominant source of P is the sediment (Jeppesen et al. 
2005; Sondergaard et al. 2013). This is shown in systems where lakes remain eutrophic 
after watershed remediation efforts, and in systems that have experienced declines in 
water quality in the absence of changes to P inputs (Sondergaard et al. 2013). In these 
systems, the driving force of eutrophication could be the pairing of anoxia with an 
imbalance of Al(OH)3:reducible-Fe(OH)3 in the sediment, which may increase internal P 
cycling (Kopáček et al. 2005a). Internal P cycling can be controlled by maintaining oxic 
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hypolimnetic water or maintaining a favorable Al:Fe or Al:P ratio in the sediment 
(Kopáček et al. 2005a; Lake et al. 2007; Homyak et al. 2014). Sediment chemistry can be 
improved in two ways: increasing Al and/or decreasing Fe. Both methods can 
theoretically balance the sediment chemistry to reduce a lakes vulnerability to internal P 
loading.  
Aluminum inputs are largely determined by pH, watershed geology, and 
hydrology, three factors which are difficult to engineer while maintaining a healthy 
watershed (Roy et al. 1999; Reinhardt et al. 2004). Direct Al addition (e.g., as alum, 
Al2(SO4)3.12H2O) is commonly used to increase Al concentrations in surficial sediment. 
The applied Al salt dissolves into ionic Al, forming an Al(OH)3 precipitate which binds P 
in the water column and settles out, effectively decreasing vulnerability with respect to 
internal P cycling (Rydin et al. 2000; Huser et al. 2011). Lake remediation by Al 
treatment increases the capacity for sediments to act as a P sink, reducing P recycling 
under anoxia (Rydin et al. 2000). The longevity of single-dose treatments is variable, 
ranging from one to 20 years and averaging 10 years (Welch and Cooke 1999). Initial 
dosage concentration is a dominant factor in the length of effective remediation, with 
higher doses yielding longer periods of successful treatment (Welch and Cooke 1999).  
While most lake remediation efforts incorporate reducing P inputs or increasing 
Al inputs, reducing Fe inputs may be a potential method of remediation for lakes 
vulnerable to internal P cycling, and may provide a long-term solution for lake water 
quality. As with Al, Fe inputs are partly controlled by pH, hydrology, and geology, but 
they can also be affected by in-lake redox conditions and microbial activity. In watershed 
soils, microbial activity during the degradation of organic matter can catalyze the 
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reduction of Fe(OH)3. Fe(OH)3 precipitates (Fe-plaques) develop in the rhizosphere of 
wetland soils where a microclimate aerobic environment exists due to the release of 
oxygen from the plant roots (Mendelssohn et al. 1995). These aerobic zones have O2 
fluxes mirroring plant activity and only exist in the immediate soil casings of active root 
systems (Emerson et al. 1999; Weiss et al. 2005). These aerobic-anaerobic zones in 
wetland soils increase the activity of Fe(III)-reducing bacteria by at least 35% compared 
with non-rhizosphere soils, due to the fresh supply of amorphous Fe(OH)3 in the Fe-
plaque and high organic content (Weiss et al. 2004, 2005). Dissolved Fe(II) concentration 
positively correlates with dissolved organic carbon (DOC) concentration in pore water 
and surface water (Knorr 2013), resulting in Fe export from high DOC systems, such as 
wetlands. 
Dissolved organic carbon also complexes Al (Morel and Hering 1993). Both Fe- 
and Al-DOC complexes occur throughout the watershed and are affected by the photo-
oxidation of DOC, reducing its ability to bind these metals by cleavage of the metal-DOC 
complex and the subsequent precipitation of metal hydroxides (Kopáček et al. 2005b; 
Porcal et al. 2010). This process is a significant source of Fe and Al (and P by co-
precipitation) to lake sediments in systems that experience large imports of DOC-metal 
complexes due to the longer hydraulic residence time and increased exposure in lakes 
(Kopáček et al. 2006). The photodegradation of organic Fe and Al complexes is difficult 
to model in the environment due to variations in the strength and transmittance of UV 
radiation, but decreases in organically-bound metal concentrations occur in with flow in 
stream transects and in lakes, an effect of increased exposure time which increases 
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photodegradation (Porcal et al. 2010). This process may be critical in the deposition of Al 
and Fe to Lake Auburn sediment.  
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3. MATERIALS AND METHODS 
3.1 Field Site 
Lake Auburn, located in the Lake Auburn Watershed in Auburn, Maine, USA, is 
a natural reservoir acting as the public drinking water supply to the greater Lewiston and 
Auburn communities, serving approximately 40,000 people. Lake Auburn covers 2277 
hectares, and has a maximum depth of 36 m and a mean depth of 11 m (MEDEP 2010). 
A bathymetric map of Lake Auburn is included in Appendix C. The lake is classified as 
having “above average” water quality by the Maine Department of Environmental 
Protection with a summer average Secchi transparency of 7.4 m, water column TP 
concentration of 8 μg/L, and chlorophyll a concentration of 2.8 μg/L since 1977 (MEDEP 
2010). Lake Auburn has a mean hydraulic residence time of 4.1 years (Dudley 2004). 
The Lake Auburn Watershed is underlain by Pleistocene till with deltaic sand and 
gravel deposits in the Townsend Brook sub-catchment (northeast) and Presumpscot 
Formation along the western and northeastern shores of Lake Auburn (Marvinney 2008a, 
2008b). Located in the southern third of the watershed, Lake Auburn is fed from the 
north by two perennial streams: the Basin Stream and Townsend Brook (Figure 3.1). The 
Basin Stream drains, in series, Mud Pond (898 ha sub-catchment), Little Wilson Pond 
(339 ha sub-catchment), and the Basin wetland (642 ha sub-catchment), the latter created 
by the construction of a timber crib dam prior to 1928 (Androscoggin Historical Society) 
and upgraded to the current 4.5 m dam in 1964 following the washout of the original dam 
in 1953 (Personal Communication, Sid Hazelton, Auburn Water District). Townsend 
Brook flows through the sand and gravel delta into the Townsend Brook wetland and into 
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Lake Auburn, and has a sub-catchment drainage area of 595 ha. The Townsend Brook 
wetland was at least expanded by road construction. Water flows out of Lake Auburn 
through a single outlet on the northeastern shore, forming Bobbin Mill Brook. The outlet 
is dammed (5 m, constructed in 1946) and outflow is controlled by the water district to 
maintain adequate lake level and downstream fisheries (Personal Communication, Mary 
Jane Dillingham, Auburn Water District).  
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Figure 3.1: A map of the Lake Auburn watershed showing water and sediment sampling 
locations from this study. Triangles show stream sampling locations, circles show 
sediment sample locations with sample label. Sediment sample depths are shown in 
Appendix A, watershed sub-catchment boundaries are shown in Appendix D.   
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The water budget for Lake Auburn was determined for 2014 using inlet and outlet 
flow data obtained on a daily to weekly basis by the Auburn Water District (AWD). The 
AWD used a combination of flow meters and weirs to record flow. Due to regular 
complications with frozen apparatus, data from November to March is inaccurate. Data 
from these months was interpolated based on flow observed from April to October, 
assuming equal flow volume seasonally. The Basin Stream and Townsend Brook have 
been reported to flow year round (Dudley 2004). Stream flow measurements were 
assumed to capture all precipitation and evapotranspiration upstream in the watershed. 
Daily precipitation and temperature data were obtained from the Auburn/Lewiston 
Municipal Airport weather station located 9.3 km south of the lake. Precipitation records 
were used to calculate direct precipitation input to the lake. Mean daily temperature 
records were used to calculate evaporation off the lake using the Hamon equation for 
evapotranspiration (Hamon 1961): 
𝐸𝑇 = [0.55𝐷2𝑃𝑡]2.54 
Where 
ET = potential evapotranspiration (cm/day) 
D = hours of daylight in a given day (12 hr) 
𝑃𝑡 = 9.95𝑒(0.062𝑇𝑎) 100⁄  
Ta = daily mean temperature (
oC) 
Evapotranspiration was not calculated for months with ice cover on the lake (December 
through April). 
The water district provided monthly withdrawal volume from the lake for water 
treatment purposes. This study also compiled data collected by Dudley (2004) and CDM 
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Smith (2013) to form a water budget for Lake Auburn dating back to 2001. All water 
budget data are presented as annual total volumes.  
3.2 Aqueous Analyses 
Water samples were collected from Lake Auburn six times between July 2013 and 
March 2015, and in transects along the inlet stream systems three times between June 
2014 and April 2015. Samples along the streams were taken at the nearest accessible 
point to the outlet of each body of water (three points along Basin Stream and two points 
along Townsend Brook) to represent water chemistry exiting each body of water (Figure 
3.1).  
Samples were collected for pH (closed cell), acid neutralization capacity (ANC), 
anions (SO4
2-, NO3
-, Cl-), total P, total organic carbon (TOC), total cations (Ca, Mg, K, 
Al, Fe, Mn), dissolved cations, and organically-bound Al and Fe. Samples for total 
cations were unfiltered and acidified to pH < 2 with HNO3 in the field, dissolved cation 
samples were filtered (0.45 µm) and acidified to pH < 2 with HNO3 in the field, 
organically-bound Al and Fe samples were filtered (0.45 µm), passed through a column 
containing a strong cation exchange resin (Dowex HCR-W2), and acidified to pH < 2 
with HNO3 in the field. All samples were preserved at 4
oC until analysis. 
A TitraLab TIM860 Titration Manager was used to measure pH on closed cell 
samples and ANC by Gran titration. Anions (SO4
2-, NO3
-, Cl-) were measured by ion 
chromatography (Dionex DX-500). Total P was measured on a Varian Cary 50 
spectrophotometer using a molybdate blue coloring reagent following an ammonium 
peroxydisulfate digestion (250oC, 0.5 h). Total organic carbon (TOC) was analyzed using 
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an OI Corporation model 1010 TOC analyzer. Total cations, dissolved cations and 
organically-bound Al and Fe samples were analyzed by high resolution ICP-MS (Thermo 
Element 2). Particulate Al and Fe concentrations were calculated as the difference 
between the total and dissolved concentrations, inorganic dissolved concentrations were 
calculated as the difference between dissolved and organically-bound concentrations. 
During all aqueous analyses a blank, replicate, and analyte spiked sample were run every 
ten samples to establish quality control within 5% error for all samples.     
3.3 Sediment Analyses 
Short cores were taken from 11 locations throughout Lake Auburn from July 2013 
to March 2015 (Figure 3.1) using a Hongve gravity corer. Sample locations were chosen 
at various water depths within the hypolimnion (Appendix A). Samples from the short 
cores were a composite of three cores taken within a 5 m radius. We subsampled surficial 
sediment (0-2 cm) and deeper sediment (8-10 cm). Additionally, two long cores (~60 cm) 
were taken with a Davis-Doyle piston corer (6.4 cm diameter) from site 8 (36 m) and site 
32 (19 m). The cores were sectioned in 1 cm intervals down to 20 cm and 2 cm intervals 
below 20 cm, and placed in sterile sampling bags with wire closures and frozen until 
extracted and analyzed.  
Sediments were sequentially extracted for P speciation following a modified 
procedure of Psenner et al. (1984), omitting the first and last extractions. Approximately 
2 g of wet sediment was exposed to three extractants: (1) 0.11 M NaHCO3 and 0.11 M 
Na2S2O4
 (BD) at 40 o C for 0.5 hr to remove loosely adsorbed and reducible species 
(primarily Fe and Mn) and associated P; (2) by 0.1 M NaOH at 20 o C for 16 hr to remove 
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Al(OH)3, organic material, and associated P; and (3) finally 0.5 M HCl at 20 
oC for 16 hr 
to remove acid soluble species and associated P. Each step included a rinse of the 
sediment with an equal volume of the extractant solution. The extractants were analyzed 
by ICP-OES (Thermo Electron iCAP 6300) for Al, Fe, P and Ca. A blank and a replicate 
sample were extracted every 10 samples for quality control. 
The NaOH fraction was also analyzed for reactive P (rP, orthophosphate) using 
molybdate blue colorimetric methods to measure orthophosphate on a Varian 50 
spectrophotometer. The subtraction of rP from P extracted in the NaOH fraction was 
assumed to be nonreactiv P (nrP).  
3.4 Lead-210 Dating 
Lead-210 (210Pb) dating was conducted for the two long cores at site 8 and site 32 
(Appleby and Oldfield 1977). Samples from selected intervals were dried at 105 oC, 
homogenized and sealed in 14 cm polyethylene vials for at least 2 weeks for secular 
equilibration and then counted for 43,200 to 259,200 s. 210Pb gamma-ray was determined 
using the 46.52 keV emission on a Canberra germanium well detector (14 cm) with 
22.5% efficiency for 60Co. Data were processed using MAESTRO software (ORTEC) 
and analyzed by Compton continuum subtraction of the peaks.  
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4. RESULTS 
4.1 Sediment Analyses 
4.1.1 Surficial Sediment  
Sequential chemical extraction results from the short cores taken from Lake 
Auburn showed the surficial lake sediment (0-2 cm) to have spatially variable chemistry 
with total extractible-Fe (FeT) ranging 180-1402, total extractible-P (PT) ranging 25-184, 
and total extractible-Al (AlT) ranging 135-464 μmol g-1 dw. The maximum value for FeT 
occurred at site 32 (Figure 3.1), nearly twice that of the next highest sample in Lake 
Auburn (798 μmol g-1 dw, site B). This Fe hotspot was encountered two times (cores 
taken September 2013 and March 2015). The other two sediment samples site 32 (taken 
July 2013 and August 2014) have FeT values of 630 and 505 μmol g-1 dw, respectively 
(Figure 4.1). Sediment extraction data from site 8 and site 32 are shown in Figure 4.1. 
Site 8 had relatively high concentrations of AlNaOH (199 μmol g-1 dw) and relatively low 
concentrations of FeBD (172 μmol g-1 dw) compared to other locations in the lake (Figure 
4.2). Results from Psenner extractions in all cores are shown in Appendix A. 
The BD fraction of Lake Auburn 0-2 cm sediment contained 37-79% of FeT and 
36-67% of PT with higher percentages of FeBD and PBD localized in the northern half of 
the lake (Figure 4.2). AlNaOH concentrations were highest in the southern part of the lake 
and the deepest point (site 8), while total PNaOH (nrP + rP) was highest in sediment with 
high PBD. LOI for surficial (0-2 cm) sediment was 14.9 ± 3.2 (mean ± 1 SD, n=11) in 
Lake Auburn.
  
Figure 4.1: Short core chemical extractions.  Results from chemical extractions on surficial sediment (0-2 cm) at site 8 (a, b, c; water 
depth 34 m) and site 32 (d, e, f; water depth 17 m). Data are shown as mean ± 1 SD, n = 5 for a-c and n = 4 for d-e.  
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Figure 4.2: Maps of the hypolimnetic surficial sediment chemistry (0-2 cm) in Lake 
Auburn. Spatial changes in (a) BD-Fe, (b) NaOH-Al, (c) BD-P and (d) NaOH-P are 
shown. Gradients were drawn using the natural neighbor interpolation tool in ArcGIS. 
Sample locations are indicated by “+”. For locations sampled multiple times mean values 
are shown. 
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4.1.2 Long Sediment Cores 
Photographs of the long cores taken from Lake Auburn in March 2015 at site 8 
and site 32 (Figure 3.1) are shown in Figures 4.3 and 4.4. The core from site 8 was 66 cm 
and the core from site 32 was 57.5 cm. LOI in the long cores was similar to that from the 
short cores with decreasing organic matter with depth (Figure 4.5).  Site 8 LOI ranged 
from 13.6% at the surface to 8.9% at 56 cm, and Site 32 LOI ranged from 16.6 % at the 
surface to 9.4% at 56 cm. 
 
 
 
Figure 4.3: Photographs of the long core taken from Lake Auburn site 8 in March 
2015. The core was 66 cm long (A) with undisturbed surficial sediment (B, top view; 
C, side view). 
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Figure 4.5: Loss on ignition in the two long cores taken from Lake Auburn in March 
2015. 
Extractible Fe, P, and Al were measured with depth in the cores (Figure 4.6). 
Extraction results in both cores showed a sharp decrease in FeT and PT in sediment from 0 
to 4 cm; the BD extraction dominated the decrease, removing 60-80% more Fe and P in 
the top 0-2 cm than from other depths. PBD and FeBD in the cores reached relatively 
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Figure 4.4: Photographs of the long core taken from Lake Auburn Site 32 in March 
2015. 
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constant values at ~8 cm in both cores. There is relatively little change in NaOH- and 
HCl-extractible Fe with depth; these values ranged from 37 to 73 and 118 to 174 μmol g-1 
dw, respectively. 
Both long cores showed decreasing NaOH-rP and NaOH-nrP with depth (Figure 
4.4). At site 8 NaOH-rP and NaOH-nrP decreased from 10.5 (0-2 cm) to 5.1 (54-56 cm) 
and 11.0 (0-2 cm) and 9.2  (54-56 cm) μmol g-1 dw, respectively. At site 32 NaOH-rP and 
NaOH-nrP ranged 29.0-5.5 and 17.8-5.1 μmol g-1 dw, respectively. However, PHCl 
increased with depth from 7.2 to 11.9 μmol g-1 dw at site 8 and from 4.5 to 11.9 μmol g-1 
dw at site 32, even as total P declined.  
Sediment profiles for Al were less variable, ranging from 346-459 μmol g-1 dw at 
site 8, and 299-445 μmol g-1 dw at site 32. In both cores, the fractionation of Al was 
relatively constant with 1-2% AlBD, 45-59% AlNaOH, and 40-54% AlHCl.
  
 
Figure 4.6: Results from sequential chemical extractions of sediment cores taken from site 8 and site 32 in Lake Auburn. Fe (left), P 
(middle), and Al (right) concentrations are in μmol g-1 dry weight.
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4.1.3 Lead-210 Dating 
210Pb analyses in both cores detected the highest activity of 210Pb at the surface 
(0.61 and 0.40 Bq/g), with irregular decreases in activity (to 0.24 and 0.33 Bq/g) until 
15.5 cm. Below 15 cm, the activity of 210Pb decreased sharply to < 0.01 Bq/g. Due to the 
irregularity of the 210Pb profile and the inability to estimate supported 210Pb 
concentrations because of values close to 0 Bq/g (an unusual condition), radioisotope 
dating was not possible. The LOI variation, unusual 210Pb profile, sediment color 
changes, and atypical chemical stratigraphy lower in the long cores suggests a change in 
sediment source material and/or the occurrence of a significant mixing event, likely 
within the last 100 years. Data from the analyses of these samples is included in 
Appendix B. 
4.2 Water Analyses 
4.2.1 Water Budget 
Based on hydrologic data collected in this study and others (Dudley 2004; CDM 
Smith 2013) since 2001, Lake Auburn has received between 58 and 68% of its water 
annually from Townsend Brook and the Basin stream (Figure 4.7). Of these two streams, 
Townsend Brook had a lower but steadier flow rate than the Basin Stream, annually 
contributing 2.1106 m3 to the lake compared with the more variable flow from the Basin 
stream, which contributed 15.8106 m3 in 2014. Dudley (2004) observed slightly lower 
input volumes between 2001 and 2003 with Townsend Brook contributing an average of 
1.4106 m3 annually and the Basin Stream contributing an average of 8.5106 m3. Direct 
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precipitation contributes the remaining 32 to 42% of lake inputs. Several smaller streams 
with intermittent flow enter the lake, but these inputs have been estimated to be 
negligible (Dudley 2004). Dudley (2004) also concluded that groundwater flow into the 
lake, and surface runoff inputs were negligible in the yearly water budget; however, they 
hypothesized that Townsend Brook was largely groundwater fed due to the relatively 
constant flow. 
 
Figure 4.7: Annual water budget for Lake Auburn for 2001 through 2014. Data are shown 
as total yearly volumes in m3. Data collected prior to 2013 were compiled from Dudley 
(2004) and CDM Smith (2013). The Auburn Water District provided flow data for 2013 
and 2014. Historical weather data from Auburn/Lewiston Municipal Airport were used to 
calculate precipitation on and evaporation from the lake. Outflow volume includes flow 
out of the lake through the Bobbin Mill Brook outlet and withdrawals by the water 
treatment plant. Stream flow and outlet flow data from 2013 were unavailable.  
Annual flow out of the lake into Bobbin Mill Brook (Figure 3.1) between 2001 
and 2014 was variable (3.6106 to 28.7106 m3, 17 to 65% of total outputs) due to the 
presence of a dam that is controlled by the AWD/LWD to adjust lake water level and 
maintain downstream fisheries (Personal Communication, Mary-Jane Dillingham, 
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Auburn Water District). The other two major outputs, AWD/LWD withdrawal for 
treatment and evaporation, were not as variable. The AWD/LWD removed between 
9.5106 and 11.1106 m3 annually from 2001 to 2014. This volume comprises 22 to 54% 
of total outputs. The modeled evaporation from the lake, the third major output, removes 
5.3106 to 6.2106 m3 (13 to 26%).  
4.2.2 Stream and Lake Chemistry 
Stream water analyses in the transects through the Basin Stream system and 
Townsend Brook showed seasonal changes in Al and Fe (Figure 4.8). Total Al 
concentration entering Lake Auburn was highest during the spring season (April) with 54 
μg L-1 exiting the Basin wetland and 115 μg L-1 exiting the Townsend Brook wetland. 
The Townsend Brook system had little change in Al with flow through the wetland 
during April (111 to 115 μg L-1). During summer months (June and July) Townsend 
Brook showed a slight decrease in total Al with flow through the wetland in June (92 to 
80 μg L-1) and a larger decrease in July (84 to 59 μg L-1), potentially due to dilution from 
groundwater. The Basin transect had larger decreases in Al with Little Wilson Pond 
removing 34 to 60% of the upstream Al with the highest removal occurring in July (93 to 
37 µg L-1). The Basin wetland had a minor effect on Al concentration with a slight 
increase in Al during April (49 to 54 μg L-1) and a slight decrease in June (42 to 32 μg L-
1) and July (37 to 31 μg L-1). During the spring sampling the total Fe concentration along 
the Townsend Brook transect increased with flow through the wetland from 119 μg L-1 
upstream to 179 μg L-1 exiting the wetland. Much higher Fe concentrations occurred in 
Townsend Brook during the summer sampling with upstream values of 314 μg L-1 in 
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June and 376 μg L-1 in July. During these months wetland Fe concentrations increased to 
522 μg L-1 in June and 492 μg L-1 in July. The Basin stream system had large decreases in 
Fe concentrations from Mud Pond to Little Wilson Pond during all sampling periods with 
Little Wilson having 23-63% lower Fe concentrations than Mud Pond. Flow through the 
Basin wetland increased total Fe concentrations during all seasons from 78 to 111 μg L-1 
in April, 85 to 149 μg L-1 in June, and 69 to 289 μg L-1 in July. Al and Fe concentrations 
in Lake Auburn were much lower than in the streams entering the lake and showed little 
seasonal variation. Epilimnetic total Fe concentration ranged between 9-20 μg L-1 and 
total Al concentration ranged between 5-13 μg L-1 over the study period. Water samples 
from the lake outlet had chemistry similar to epilimnetic samples. 
 All water samples taken from the Lake Auburn Watershed had circum-
neutral pH with only minor changes in pH occurring along the stream transects (Figure 
4.9). Samples from Little Wilson Pond and Townsend Brook upstream had a pH range of 
6.9 to 7.1, the wetlands, including Mud Pond, had a pH range of 6.5 to 6.9, and Lake 
Auburn had a pH range of 7.2 to 7.5 over the sampling period.
  
Figure 4.8: Total Al and Fe in transect. Seasonal total Fe (top) and total Al (bottom) concentration in the Townsend Brook (left) and 
Basin (right). Transects are shown left to right in direction of flow through the watershed and into Lake Auburn. Concentrations are in 
μg L-1.
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Figure 4.9: pH in transect. Seasonal pH for stream transects through Townsend Brook (left) and the Basin Stream (right).  
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Speciation of Al and Fe entering Lake Auburn also changed seasonally (Figure 
4.10). The wetland systems within the Lake Auburn watershed, including Mud Pond, 
exhibited an increase in the percentage of organically-bound Fe during the summer 
months. The fraction of total Al that was organically-bound increased 43% in Mud Pond, 
10% in the Basin wetland and 45% in the Townsend Brook wetland from April to July.  
The fraction of total Fe that was organically-bound increased 29% in Mud Pond, 15% in 
the Basin wetland and 21% in the Townsend Brook wetland from April to July.  
While the fraction of organically-bound Fe and Al increased in the wetlands 
during all seasons sampled, TOC concentrations did not always increase in the wetland 
(Figure 4.11). Throughout the sampling period, Mud Pond had the highest TOC 
concentration ranging from 3.6 mg L-1 in April to 11.5 mg L-1 in July. The TOC 
concentration along the Basin transect gradually decreased, ending with Lake Auburn 
TOC concentrations ranging from 2.4 mg L-1 to 2.9 mg L-1 in April and July, 
respectively. Flow through the Basin wetland and the Townsend Brook wetland did not 
increase TOC in April. The Basin wetland had TOC concentrations ranging from 3.4 mg 
L-1 to 5.8 mg L-1 from April to July. The Townsend Brook transect had higher TOC 
overall with a range 3.5 to 7.9 mg L-1 upstream and 2.4 mg L-1 to 8.0 mg L-1 below the 
wetland. All samples showed maximum TOC in July and minimum TOC in April. 
Total phosphorus (TP) in the stream transects ranged from 5 to 22 μg L-1 with the 
lowest concentrations in April and the highest concentrations in July (Figure 4.12). The 
wetlands had little effect on TP concentrations during April and June sampling but 
increasing TP concentrations in July from 18 to 22 μg L-1 in Townsend Brook and 7 to 14 
μg L-1 in the Basin. 
  
Figure 4.10: Seasonal Fe speciation in transect. Townsend Brook (left) and the Basin stream (right). Speciation is shown as particulate 
Fe, dissolved inorganic Fe, and organically-bound
3
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Figure 4.11: TOC in transect. Seasonal changes in total organic carbon (TOC) concentration in mg L-1 through the Townsend Brook  
(left) and Basin stream (right) transects. 
 
 
 
Figure 4.12: Total P in transect. Seasonal changes in total phosphorus (TP) concentrations in μg L-1 through Townsend Brook (left) 
and Basin stream (right) transects.  
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5. DISCUSSION 
5.1 Sediment Chemistry 
5.1.1 Al:Fe and Al:P Ratios 
Figure 5.1 shows the distribution of molar AlNaOH:FeBD and AlNaOH:PBD ratios in 
Lake Auburn surficial sediment (0-2 cm). In an evaluation of 43 European and North 
American lakes of various trophic status, Kopáček et al. (2005a) determined that 
sediment with molar AlNaOH:FeBD ratios > 3 or molar AlNaOH:PBD ratios < 25 releases 
negligible P under anoxia due to the adsorption capacities of Al and Fe hydroxide in lake 
sediment. The prevalence of these thresholds for P release was attributed to the 
availability of binding sites and potential for re-adsorption of P on Al(OH)3 following its 
reductive release from Fe(OH)3. While the AlNaOH:FeBD threshold is governed by the 
sorption capacity of Fe(OH)3 and the amount of P released and, therefore, available for 
re-adsorption, the AlNaOH:PBD threshold is a result of competition between organic carbon 
and P for sorption sites on Al(OH)3, which can inhibit the re-adsorption of P in sediment 
below the threshold of 25. Following these thresholds for P retention, Lake Auburn is at 
risk for P release from the sediment under anoxic conditions (dissolved oxygen < 2 
mg/L) because neither of these thresholds for P retention is met. Lake Auburn 0-2cm 
sediment has AlNaOH:FeBD ratios ranging from 0.14 to 1.8 and AlNaOH:PBD rations ranging 
from 1.3 to 14.4, an indication that the concentration of Al relative to Fe and P is not 
adequate to re-adsorb P that is mobilized by the reductive dissolution of Fe(III) in years 
where the hypolimnion experiences substantial anoxia, as occurred in 2011 and 2012.  
 
  
Figure 5.1: Maps of the molar AlNaOH:FeBD (a) and AlNaOH:PBD (b) ratios of hypolimnetic 0-2 cm sediment in Lake Auburn. Contours 
were created using the Natural Neighbor tool in ArcGIS. 
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The mobility of sediment P and the relationship of P concentration to lake trophic 
status (Carey and Rydin 2011) identifies eutrophic lakes as having decreasing sediment 
TP with depth, and oligotrophic and mesotrophic lakes to have increasing or constant 
sediment TP with depth. Sediment chemistry, specifically Al and Fe, is a likely driver of 
the observed P patterns in sediment burial. 
The Psenner extraction method allows for the comparison of extractable Al, Fe, 
and P in sediments. In Lake Auburn, the magnitude of both the AlNaOH:FeBD and 
AlNaOH:PBD ratios is largely controlled by high FeBD in the sediment, ranging between 107 
and 1267 μmol g-1 dw spatially, paired with the lower and less spatially variable AlNaOH, 
ranging between 77 and 242 μmol g-1 dw (Figure 4.2). A comparison of Lake Auburn to 
other studies of lake sediments utilizing the Psenner extraction method shows sediment 
chemistry to resemble more closely profiles for productive lakes than lakes of similar 
trophic status (Lake et al. 2007). Oligotrophic lakes tend to have down core P profiles 
similar to Al, having less variation with depth, whereas eutrophic lakes have down core P 
profiles similar to Fe, with concentrated P and Fe in the surficial sediments (Lake et al. 
2007; Norton et al. 2008; Wilson et al. 2010; Homyak et al. 2014). This is because Al is 
not redox sensitive and remains relatively immobile in sediment after deposition while Fe 
is recycled in the top few centimeters of lake sediment due to the reduction of Fe(III) and 
subsequent mobilization of Fe(II) in the pore water upon encountering the sediment 
anoxic zone (Gachter and Muller 2003; Amirbahman et al. 2013). This creates an 
opportunity for the re-adsorption of P released from dissolving Fe(III) by Al; however, if 
Al is lacking in sufficient available binding sites, P can diffuse upward. If an oxic 
sediment-water interface is present, this mobile P pool can be re-adsorbed by the oxidized 
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Fe(II) and resettle as long as Fe(II) pool has not been repurposed (e.g. as FeS following 
sulfate reduction; Gachter and Muller 2003). Interestingly, the long cores from Lake 
Auburn have a eutrophic P burial pattern (decreasing P with depth, compare Figures 2.1 
and 4.6), indicating that Lake Auburn’s high water quality is not due to its sediment 
acting as a sink for P as occurs in other oligotrophic systems (Carey and Rydin 2011). 
5.1.2 P Saturation of Fe and Al hydroxides 
Fe(III) hydroxides have a maximum phosphate saturation capacity of ~0.11-0.20, 
expressed as the molar P:Fe ratio (Ryden et al. 1977a, 1977b; Lijklem 1980). A 
comparison of PBD to FeBD shows that FeBD in Lake Auburn surficial sediment is 
uniformly saturated with respect to PBD following a linear trend with slope = 0.11 (Figure 
5.2a). This pool of P is potentially mobile in reducing environments, and available for re-
adsorption by Al(OH)3.  
The orthophosphate sorption capacity for Al(OH)3, expressed as molar P:Al ratio, 
is between 0.14 and 0.19 (Rydin et al. 2000; de Vincent et al. 2008). A comparison of 
rPNaOH and AlNaOH in surficial sediment (0-2 cm) showed no correlation (p > 0.05, n=20) 
with highly variable values (0.13 ± 0.10, mean ± 1 S.D.), suggesting a wider variation 
with respect to the surface coverage of Al(OH)3 by orthophosphate (Figure 5.2b).   
These sorption capacities are for freshly precipitated Fe(OH)3 and Al(OH)3 at 
neutral pH. They are pH-dependent (Lijklem 1980) and decrease with precipitate age; 
this decrease in sorption capacity is largely attributed to decreasing surface area due to 
molecular order and restructuring (Berkowitz et al. 2006; de Vicente et al. 2008). 
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Additionally, Al treatment of lakes has been shown to increase the Al sorption capacities, 
in some cases up to 0.48 µmol P µmol Al-1 (Lewandowski et al. 2003). 
 
 
Figure 5.2: Fe and Al saturation with respect to P. (a) The linear model for the association 
of FeBD with PBD in Lake Auburn surficial (0-2 cm) sediment (slope = 0.11, R
2 = 0.96, p 
< 0.001, n =20). (b) The correlation between rPNaOH (orthophosphate) and AlNaOH (p > 
0.06, n = 20). (c) The correlation between nrPNaOH (organic-P) and AlNaOH (slope = 0.03, 
R2 = 0.20, p < 0.06, n = 20). 
 
The P saturation of Fe(OH)3 suggests uniformity with respect to Fe(OH)3 surface 
reactivity and adequate P availability to achieve saturation throughout Lake Auburn. 
However, the irregularity in the P saturation of Al indicates that P is either being 
outcompeted for sorption sites, most likely by organic carbon (Iyamuremye et al. 1996) 
or there is an inadequate amount of Al present in sediment to adsorb the mobile P pool, 
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resulting in P release from the sediment (Kopáček et al. 2005a; Lake et al. 2007). 
Although LOI in Lake Auburn sediment is low (Figure 4.5) there was a significant 
correlation between organic-P (nrPNaOH) and AlNaOH (p < 0.06), potentially suggesting 
that organic material may be outcompeting orthophosphate for sorption sites on Al(OH)3 
(Figure 5.2c). The inability of Lake Auburn sediment to re-adsorb P is likely due to a 
combination of the low Al concentration in the sediment and the low availability of 
binding sites.  
5.1.3 Origins of Sediment Chemical Composition 
Sediment chemistry with respect to Al, Fe, and P is largely dependent on 
watershed geology, land use, and hydrology (Reinhardt et al. 2004; Norton et al. 2006). 
The Lake Auburn watershed is predominately forested, with sparse shoreline residential 
structures; however, the upstream lakes along the Basin transect have different sediment 
chemistry than that of Lake Auburn, evident in lower FeBD and higher AlNaOH (Appendix 
A), yielding favorable molar ratios for sediment P retention (i.e., Al:Fe > 3 and Al:P > 
25). This suggests selective introduction of Fe and selective removal or dilution of Al 
downstream in the watershed, a trend observed in the stream chemistry of both the 
Townsend Brook and Basin Stream transects (Figure 4.8). 
The downstream decrease of total Al concentration in Basin Stream and 
Townsend Brook was clear during all sampling events (Figure 4.8). The decrease in Al 
concentration is likely due to the precipitation of dissolved inorganic and organic Al 
species through precipitation and photo-oxidation and precipitation, respectively. The 
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decrease in Al concentration downstream may also be an result of dilution through direct 
rainfall, which is a negligible source of Al.  
Exposure to UV light degrades DOC in surface waters, reducing its ability to 
complex metals (Kopáček et al. 2005b; Porcal et al. 2009; Porcal et al. 2013; Helms et al. 
2013). In lake systems, this mechanism increases Fe and Al hydroxide formation and 
subsequent sedimentation, influencing sediment chemistry by controlling deposition and 
therefore internal P loading (Kopáček et al. 2006). The DOC photodegradation rate and 
subsequent release and precipitation of Fe and Al hydroxides in the environment is likely 
variable due to differences in UV exposure and intensity both seasonally and spatially, as 
well as the chemical structure of the DOC. This process also has a larger impact on the 
removal of organically-bound metals in larger lakes due to the prolonged hydraulic 
residence time and exposure, compared to smaller lakes and streams (Porcal et al. 2010).  
Photochemical experiments performed in situ in Plesne Lake, Czech Republic, an 
acidified watershed (pH ~4.4 to 4.9, from 1999 to 2005), showed a decrease in 
organically-bound Al and Fe with exposure to sunlight (Kopáček et al. 2006). In this 
study, the majority of photo-liberated Al and Fe remained in the dissolved phase. They 
estimated that in higher pH systems (pH ~6.5) 85% of this photo-liberated Al and Fe 
would be in particulate form and settle out of the water column. In Lake Auburn, 70 to 
92% of total Fe and 42 to 74% of total Al was in particulate form throughout the 
sampling period, vs. 12 to 36% of total Fe and 36 to 43% of total Al in the upstream 
wetlands (Figure 4.10). In the Lake Auburn watershed, the upstream chain lakes (Mud 
Pond, Little Wilson Pond, and the Basin) are decreasing Al in surface water, resulting in 
less Al reaching Lake Auburn and therefore available for sedimentation. While the photo-
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liberation and potentially dilution of Al and Fe is preventing upstream metal hydroxides 
from reaching Lake Auburn, the Basin and Townsend Brook wetlands are causing the 
introduction of Fe into the water column, evident as a spike in total Fe, the majority of 
which is organically-bound (Figures 4.8 and 4.10).  
The rhizosphere of wetland soil contains highly active communities of Fe(III)-
reducing bacteria (Weiss et al. 2004, 2005). The release of O2 by plant roots in an 
otherwise anaerobic environment creates a supply of fresh Fe(III) hydroxide in an 
organic-rich environment, providing favorable conditions for Fe(III)-reducing bacteria 
(Mendelssohn et al. 1995; Emerson et al. 1999). The activities of the rhizosphere 
microbial population is largely regulated by seasonal plant activity (controlling O2 
release from roots during photosynthesis) and temperature (controlling microbial rates of 
metabolism), yielding a seasonal increase in Fe export from wetland soils during summer 
months (Weiss et al. 2005). The complexation of Fe with DOC increases the mobility of 
Fe by creating a less labile dissolved phase than inorganic Fe, potentially preventing 
reoxidation in the rhizosphere and allowing for diffusive and advective transport in the 
pore water (Weiss et al. 2005; Hakala et al. 2009). The water discharging into Lake 
Auburn from the Townsend Brook and Basin wetlands shows increases in total Fe during 
summer sampling (Figure 4.8), likely a result of increased microbial activity. In both 
wetlands, the fraction of organically-bound Fe increases during summer months from 52 
to 73% in Townsend Brook and 51 to 66% in the Basin (Figure 4.10).  
While wetlands have been shown to be Fe exporters, they also remove nutrients, 
including P, via sedimentation, sorption to sediments and plant uptake (Reddy et al. 1999; 
Fisher and Acreman 2004). However, not all wetlands exhibit this behavior. In an 
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evaluation of 57 wetlands distributed globally, Fisher and Acreman (2004) determined 
that only 84% of the wetlands removed P with 10% of the wetlands releasing P. Sampling 
from the Basin and Townsend Brook wetlands indicates that these systems are among the 
minority, having either no effect on or slightly increasing P concentrations entering Lake 
Auburn (Figure 4.12); however, these wetlands still release a relatively small 
concentration of P into the lake, ranging from 5 to 22 μg L-1 seasonally. While many 
factors have been shown to affect P removal in wetlands, such as hydraulic residence 
time and flora (Reddy et al. 1999; Fisher and Acreman 2004), the lack of P removal by 
the Lake Auburn wetlands is likely not an issue due to the low TP concentrations 
throughout the watershed (Figure 4.12) 
Another potential source of P to the sediment is through in situ chemical 
weathering of apatite (Ca5(PO4)3(OH)) in the sediment and the upward diffusion of 
orthophosphate. Apatite is deposited in marine sediments via weathering of terrigenous 
material (Garrels and Mackenzie 1971). Maine watersheds containing marine clay 
deposits (Presumpscot Formation, ca. 12,000 Cal Yr B.P.) have lakes with higher water 
column total P (Nieratko 1992). The irregular 210Pb activity profile of Lake Auburn 
sediment (Appendix B), paired with the sudden decrease in organic matter (Figure 4.6) 
and color change from brown to gray at ~5 cm in hypolimnetic sediment cores (Figures 
4.3 and 4.4) is evidence for a subaqueous mixing event in Lake Auburn, potentially 
mixing marine clay deposits (as mapped on the western, northern, and eastern shores of 
Lake Auburn by Marvinney 2008a, 2008b) with traditional lake sediment. Additionally, 
studies have shown molar nrP:rP ratios to approach equilibrium in deeper sediments 
(Algren et al. 2005; Wilson et al. 2010), a trend not observed in Lake Auburn sediment 
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where sediment molar nrP:rP ratios remain variable with depth (Figure 4.2). The washout 
of the Basin dam in 1953 (Personal Communication, Sid Hazelton, Auburn Water 
District) could have induced lake mixing capable of causing a subaqueous mixing event. 
If marine clay were present in Lake Auburn sediment, the HCl fraction of the Psenner 
extraction procedure would dissolve apatite from the sediment (Guidry and Mackenzie 
2000). The increase of PHCl with depth in the long sediment cores taken from site 8 and 
site 32 (p < 0.001 in both cores) is supportive of chemical weathering of apatite and the 
upward diffusion of P, a potential second source of P contributing to the mobile P pool in 
Lake Auburn sediment and becoming concentrated in the FeBD-rich surficial sediments.  
5.2 Mass Budget 
I estimated a mass budget for Lake Auburn for Fe in 2014 using a combination of 
seasonal water chemistry and flow data. The purpose of the mass budget was to 
determine the impact of wetlands on sediment chemistry by calculating the mass of Fe 
deposited in lake sediment on a yearly basis and comparing this to a hypothetical mass of 
Fe that would deposit if the wetlands did not exist (assuming Fe concentrations 
immediately upstream of the wetlands feed directly into the lake). A mass balance 
approach was used by calculating the difference in mass entering the lake through stream 
flow and mass exiting the lake through the outlets and withdrawal by the AWD/LWD, to 
determine the mass retained in the lake and incorporated into the sediment. Mass balance 
models are widely used tools in lake management practices, but most studies focus on 
nutrient retention (e.g., Dillon and Vollenweider 1974; Havens and James 2009). Few 
studies focus on Fe budgets (Nurnberg and Dillon 1993; Dillon and Evans 2001), and 
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even fewer on Al (Kopáček et al. 2005b), metals that are well understood to control 
internal P loading. Based on water chemistry data, Lake Auburn is a sink for Al and Fe, 
with ~85% of Al and ~95% of Fe entering through the inlet streams remaining in the 
lake.  
Using seasonal flow volumes and water chemistry, 4,000 kg of Fe was deposited 
into Lake Auburn sediment in 2014. With the removal of the Basin wetland, I estimate 
that only 1,900 kg of Fe would be deposited in Lake Auburn over the same time period, 
indicating that the presence of the Basin Wetland contributes almost 50% of the Fe 
deposited in the lake. The removal of the Townsend wetland would have a much smaller 
impact on sedimentation of Fe in the lake, resulting in only a 350 kg (9%) decrease in Fe 
deposition due to the high upstream Fe concentrations believed to be a result of the 
stream being groundwater fed (Dudley 2004). 
 The Fe mass budget with and without wetlands highlights the impact these 
systems may have on sediment chemistry and susceptibility to internal P loading. 
However, wetland removal will likely not provide an adequate solution due to the 
translocation of Fe close to the sediment-water interface from the upwards diffusion of 
Fe(II) in deeper sediments as a result of anaerobic conditions in lake sediment (Kappler et 
al. 2004; Amirbahman et al. 2013). Even with decreases in Fe sedimentation, without a 
subsequent increase in Al the sediment chemistry will not be capable of re-adsoprtion of 
P by Al during anoxic years and sediment Fe and P will continue to be recycled and 
concentrated in the top centimeters of sediment.  
While longer timeframe studies will be necessary to more accurately model the 
impact wetlands can have on lake sediment chemistry and vulnerability to internal P 
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loading, this study clearly highlights that in Lake Auburn, peripheral wetlands increase 
the Fe load to the lake while the upstream chain of lakes decreases the Al load, resulting 
in insufficient amount of sediment Al to re-adsorb Fe-released P. The continuous upward 
diffusion of Fe, as opposed to Al, in sediment can accelerate the impact of Fe-exporting 
wetlands on water quality in low-Al systems. While peripheral wetlands remain 
beneficial to lake water quality in terms of particulate matter and nutrient removal in 
many systems, they may have a long-term detrimental impact on water quality by 
adversely altering the sediment chemistry of the lake. In the case of Lake Auburn, the 
combination of upstream lakes removing Al and the presence of peripheral wetlands 
exporting Fe may be partly to blame for declining water quality.  
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6. CONCLUSIONS 
This study identified that the sediment chemistry in Lake Auburn is more 
characteristic of eutrophic lakes than that of oligotrophic or mesotrophic lakes. This is the 
result of an Al deficiency relative to Fe in the sediment, creating a chemical environment 
indicative of lakes subject to internal P loading. The combination of an upstream chain of 
lakes that remove Al and Fe from the water feeding into the lake, and the presence of 
adjacent wetlands that exhibit increased seasonal Fe export to the lake has resulted in a 
chemical environment in the sediment that is prone to P release under anoxic conditions. 
The creation of the Basin wetland in the last ~100 years by dam emplacement may have 
doubled annual Fe sedimentation in the lake while simultaneously decreasing Al 
sedimentation. While wetlands are undoubtedly beneficial systems in many regards, they 
may indirectly pose a risk to lake water quality over time, especially in low Al systems, 
by increasing Fe export to adjacent lakes. 
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APPENDIX A:  Sediment and Water Chemistry data 
Lake 
Site 
ID 
Lake 
Depth
, m 
Sediment 
Depth, cm 
Sample 
Date 
%LOI 
BD-Fe, 
μmol g-
1 
NaOH-Fe 
μmol g-1  
HCl-Fe, 
μmol g-
1  
BD-P 
μmol g-
1  
NaOH-
rP, 
μmol g-
1  
NaOH-
nrP, 
μmol g-
1  
HCl-P 
μmol g-
1  
BD-Al 
μmol 
g-1  
NaOH-Al 
μmol g-1  
HCl-Al 
μmol g-
1  
BD-Ca 
μmol g-
1  
NaOH-
Ca 
μmol g-
1  
HCl-
Ca 
μmol 
g-1  
Lake 
Auburn 
30 10 0-2 7/11/13 11.8 249.98 40.41 144.13 27.85 8.41 8.76 9.35 3.32 135.30 168.23    
   0-2 8/7/14 15.4 305.84 54.32 140.06 34.15 7.53 10.99 8.60 2.94 205.91 163.10 52.01 0.78 19.19 
   8-10 8/7/14 5.7 43.26 24.84 125.43 2.50 6.37 3.40 11.79 1.37 123.83 147.14 19.31 0.67 24.46 
   8-10 7/11/13 6.0 41.02 37.77 124.49 1.85 4.88 3.10 12.03 2.96 143.09 153.97 19.51 1.16 27.42 
 A 10 0-2 8/7/14 8.0 124.00 15.91 40.66 13.43 2.68 4.44 4.63 0.93 76.72 57.60 17.27 0.18 7.77 
   8-10 8/7/14 1.8 24.43 13.96 46.19 1.88 1.86 1.39 14.88 1.15 60.16 59.37 7.34 0.32 27.87 
 40 12 0-2 7/11/13 10.9 356.65 35.86 130.32 38.02 12.47 7.33 10.19 1.75 102.26 126.96    
   8-10 7/11/13 4.0 26.53 21.45 76.89 1.29 3.02 2.37 16.30 1.96 82.86 96.07 13.23 0.71 32.57 
 
South 14 0-2 7/31/14 14.8 192.81 53.29 172.79 28.47 14.18 10.46 9.90 2.28 202.48 191.22 47.76 1.02 19.39 
   8-10 7/31/14 6.0 54.23 20.94 150.01 3.32 10.24 3.14 9.98 3.76 133.13 175.70 22.17 0.65 21.30 
 50 15 0-2 7/11/13 14.2 365.78 44.51 186.97 40.74 21.14 8.01 8.39 1.78 130.81 155.63    
   8-10 7/11/13 6.8 50.67 42.22 130.33 2.53 6.07 3.84 12.08 3.72 149.14 163.97 23.34 1.33 26.48 
 B 16 0-2 8/7/14 19.1 633.05 43.03 121.52 66.37 13.72 12.36 6.63 3.59 157.36 125.21 52.72 0.62 11.37 
   8-10 8/7/14 7.1 58.59 40.41 163.49 3.93 11.45 4.22 10.43 2.51 173.67 196.42 27.00 1.03 21.94 
 D 17  0-2 8/7/14 17.8 138.47 44.43 128.68 14.51 8.80 10.55 6.79 2.36 209.65 208.27 59.82 1.02 17.95 
   8-10 8/7/14 8.4 49.09 55.21 154.11 3.13 9.65 5.33 7.71 2.22 218.31 206.03 31.24 1.70 19.74 
 32 18 0-2 7/11/13 16.2 268.21 47.73 313.98 40.44 46.45 7.53 10.34 3.72 120.19 202.34    
   0-2 9/20/13 19.7 946.20 64.91 391.56 103.86 52.60 9.81 17.30 5.40 133.24 170.04    
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Lake 
Site 
ID 
Lake 
Depth
, m 
Sediment 
Depth, cm 
Sample 
Date 
%LOI 
BD-Fe, 
μmol g-
1  
NaOH-Fe 
μmol g-1  
HCl-Fe, 
μmol g-
1  
BD-P 
μmol g-
1  
NaOH-
rP, 
μmol g-
1  
NaOH-
nrP, 
μmol g-
1  
HCl-P 
μmol g-
1  
BD-Al 
μmol 
g-1  
NaOH-Al 
μmol g-1  
HCl-Al 
μmol g-
1  
BD-Ca 
μmol g-
1  
NaOH-
Ca 
μmol g-
1  
HCl-
Ca 
μmol 
g-1  
Lake 
Auburn 
32 18 0-2 8/7/14 20.2 318.55 34.29 151.83 55.16 18.99 7.87 5.84 2.40 106.51 94.03 33.93 0.41 7.51 
   8-10 8/7/14 7.8 62.78 46.00 176.24 4.51 10.01 5.14 8.21 2.22 178.43 209.44 29.75 1.19 20.05 
   8-10 7/11/13 7.9 63.28 51.06 177.04 5.03 14.17 3.35 9.96 4.18 179.35 205.60 25.77 1.57 22.76 
   8-10 9/20/13 9.0 72.88 56.38 173.14 4.89 12.40 5.58 8.17 4.78 198.29 199.37 29.87 1.53 19.84 
 C 18 0-2 8/7/14 17.1 353.39 46.99 234.85 51.17 21.94 12.28 9.49 2.52 154.50 175.19 49.20 0.83 15.49 
   8-10 8/7/14 6.6 51.55 29.93 169.16 3.53 10.74 3.82 10.92 1.68 135.54 187.08 26.02 0.86 23.19 
 31 28 0-2 7/11/13 16.2 334.31 55.11 275.64 45.54 28.31 9.30 9.28 5.61 144.41 192.46    
   0-2 8/7/14 16.0 459.57 59.09 259.50 53.31 33.38 9.51 8.23 3.57 166.29 168.58 39.53 0.75 15.86 
   8-10 8/7/14 6.2 54.44 35.31 191.00 3.05 6.72 3.76 9.45 2.11 134.92 202.30 26.39 0.84 23.32 
   8-10 7/11/13 7.7 53.87 38.62 172.11 3.17 9.44 3.13 8.94 5.02 137.89 200.16 28.75 1.25 22.64 
 
8 36 0-2 7/11/13 13.1 107.25 52.26 125.23 15.15 8.56 8.00 6.51 9.23 192.76 177.73    
   0-2 9/20/13 14.6 134.27 38.88 139.42 21.79 9.42 7.28 6.14 3.35 143.70 193.85    
   0-2 9/20/13 14.8 135.77 40.18 132.22 23.01 9.17 7.50 5.92 4.45 148.19 191.85    
   0-2 3/19/14 12.2 135.96 54.85 157.69 20.15 16.12 8.39 8.30 3.53 186.12 216.18    
   0-2 7/31/14 15.2 133.74 61.01 171.15 18.70 9.69 9.57 7.97 3.23 228.37 232.43 42.58 1.35 18.79 
   0-2 7/31/14 14.9 134.81 59.23 158.89 18.45 9.33 9.47 7.91 5.28 231.44 212.89 42.03 1.19 19.01 
   8-10 3/19/14 9.9 52.96 48.58 140.36 4.00 7.68 5.25 7.99 3.05 167.97 222.82    
   8-10 3/19/14 10.3 59.01 60.18 148.52 4.46 8.03 6.68 8.57 3.65 210.97 232.19    
   8-10 7/31/14 7.4 49. 47 49.82 141.41 3.14 8.39 3.88 8.81 3.72 207.82 200.71 28.98 1.40 20.70 
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Lake 
Site 
ID 
Lake 
Depth
, m 
Sediment 
Depth, cm 
Sample 
Date 
%LOI 
BD-Fe, 
μmol g-
1  
NaOH-Fe 
μmol g-1  
HCl-Fe, 
μmol g-
1  
BD-P 
μmol g-
1  
NaOH-
rP, 
μmol g-
1  
NaOH-
nrP, 
μmol g-
1  
HCl-P 
μmol g-
1  
BD-Al 
μmol 
g-1  
NaOH-Al 
μmol g-1  
HCl-Al 
μmol g-
1  
BD-Ca 
μmol g-
1  
NaOH-
Ca 
μmol g-
1  
HCl-
Ca 
μmol 
g-1  
Lake 
Auburn 
8 36 8-10 7/31/14 7.2 49.82 49.83 143.08 3.32 7.45 3.69 8.51 3.72 206.50 199.91 28.97 1.37 20.17 
   8-10 7/11/13 7.4 46.92 61.31 132.35 2.05 6.90 3.36 9.60 5.38 221.84 197.72 26.62 1.97 23.53 
   8-10 9/20/13 7.6 42.25 35.94 137.51 1.89 7.19 2.61 8.99 5.30 142.81 186.67 27.65 1.40 22.41 
   8-10 9/20/13 7.7 44.33 32.20 138.80 1.97 7.18 2.40 9.20 6.21 131.26 188.42 28.08 1.30 22.40 
Basin   0-2 8/7/14 34.6 100.53 43.58 91.10 5.61 11.65 22.74 3.76 3.03 282.53 119.34 95.06 7.35 26.72 
   8-10 8/7/14 22.0 26.11 26.80 64.32 1.03 7.93 12.17 2.06 2.28 234.73 104.06 57.18 7.81 21.15 
L Wilson Pond 
 
0-2 3/19/14 30.2 120.31 54.25 68.49 10.16 25.41 25.59 4.12 9.83 409.49 175.52    
   8-10 3/19/14 25.2 38.79 37.43 63.44 2.72 24.08 18.47 3.68 3.66 326.30 194.81    
Mud 
Pond 
 3.5 0-2 3/19/14 36.7 59.40 26.88 53.11 8.72 10.99 25.69 3.82 5.17 259.65 112.37    
   8-10 3/19/14 32.1 24.22 20.78 55.95 3.57 13.71 18.93 4.28 4.05 264.58 124.17    
 
Table A1: Sediment Chemistry. Data from all short sediment cores taken from the Lake Auburn Watershed from July 2013 through March 
2015. 
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Sample Location Date Depth  Cl pH ANC ANC pH Cl NO3 SO4 
    m   µeq/L   µeq/L µeq/L µeq/L 
Basin Outlet 3/19/14  6.43 359 6.75 337 7.8 59 
Basin Outlet 6/5/14  6.98 254 7.15 302 <1 46 
Basin Outlet 7/31/14  6.91 333 7.08 265 <1 30.2 
Basin Outlet 4/13/15  6.7 245 7.0 345 11 53 
L Wilson Outlet 7/31/14  7.02 327 7.23 123 <1 18.4 
L Wilson Outlet 4/13/15  6.8 287 6.9 253 14 55 
L Wilson Outlet 6/5/14  7.04 295 7.27 228 2.0 46 
LA Intake 7/31/14 4 7.41 272 7.37 293 <1 41.9 
LA Outlet 7/31/14  7.32 273 7.34 298 1.1 48.3 
LA Outlet 4/13/15  7.1 277 7.2 308 2 63 
Mud Pond Outlet 6/5/14  6.77 317 7.11 200 1.1 33 
Mud Pond Outlet 7/31/14  6.68 360 6.88 461 <1 26.2 
Mud Pond Outlet 4/13/15  6.6 230 6.8 193 10 50 
Lake Auburn 7/10/13 1 7.27 257 7.51 253 <1 58 
Lake Auburn 7/10/13 5 7.07 260 7.25 256 <1 59 
Lake Auburn 7/10/13 10 6.69 269 6.89 259 <1 62 
Lake Auburn 7/10/13 15 6.56 268 6.85 257 5.1 62 
Lake Auburn 7/10/13 25 6.53 268 6.88 257 5.2 62 
Lake Auburn 7/10/13 36 6.55 273 6.89 258 5.4 62 
Lake Auburn 9/20/13 4 6.98 267 7.34 257 <1 55 
Lake Auburn 9/20/13 11 6.30 299 6.62 260 4.4 59 
Lake Auburn 9/20/13 15 6.25 271 6.69 260 11 61 
Lake Auburn 9/20/13 21 6.25 266 6.66 260 16 60 
Lake Auburn 9/20/13 34 6.26 288 6.64 260 17 58 
Lake Auburn 3/19/14 1.8 7.08 287 6.77 270 1.7 63 
Lake Auburn 3/19/14 8 6.78 284 6.76 264 4.0 62 
Lake Auburn 3/19/14 16 6.59 279 6.62 279 7.0 64 
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Sample Location Date Depth  Cl pH ANC ANC pH Cl NO3 SO4 
    m   µeq/L   µeq/L µeq/L µeq/L 
Lake Auburn 3/19/14 24 6.51 285 6.83 294 7.8 64 
Lake Auburn 3/19/14 32 6.31 289 6.65 298 16 63 
Lake Auburn 6/5/14 1 7.54 271 7.37 289 <1 59 
Lake Auburn 6/5/14 1 7.54 271 7.37 289 <1 59 
Lake Auburn 6/5/14 9 7.05 271 7.19 287 <1 60 
Lake Auburn 6/5/14 9 7.05 271 7.19 287 <1 60 
Lake Auburn 6/5/14 30 6.84 267 7.08 286 3.7 61 
Lake Auburn 6/5/14 30 6.84 267 7.08 286 3.7 61 
Lake Auburn 7/31/14 4 7.23 258 7.27 295 <1 54 
Lake Auburn 7/31/14 12 6.55 270 6.78 287 1.0 57.2 
Lake Auburn 7/31/14 31 6.46 257 6.81 286 11.4 56.6 
Townsend Brk Downstream 6/5/14  6.50 444 6.78 476 2.5 63 
Townsend Brk Downstream 7/31/14  6.59 517 6.88 289 <1 45.4 
Townsend Brk Downstream 4/13/15  6.5 214 6.7 223 16 61 
Townsend Brk Upstream 6/5/14  7.13 637 7.42 371 21 84 
Townsend Brk Upstream 7/31/14  6.98 565 7.23 303 15 51.3 
Townsend Brk Upstream 4/13/15  6.6 162 6.7 212 11 56 
 
Table A2: pH, ANC, and anions. Data included from all water samples taken in this study.  
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Sample ID Date Depth  Ca Mg Na K 
    m mg/L mg/L mg/L mg/L 
Basin Outlet 3/19/14  7.34 1.09 7.13 0.98 
Basin Outlet 6/5/14  5.58 0.94 6.57 0.74 
Basin Outlet 7/31/14  7.37 0.97 6.29 0.85 
Basin Outlet 4/13/15  4.98 0.88 6.17 0.73 
L Wilson Outlet 7/31/14  7.62 0.93 5.14 0.79 
L Wilson Outlet 4/13/15  6.31 0.98 5.11 0.81 
L Wilson Outlet 6/5/14  6.67 0.97 5.37 0.80 
LA Intake 7/31/14 4 5.84 0.88 6.57 0.82 
LA Outlet 7/31/14  6.01 0.88 6.56 0.86 
LA Outlet 4/13/15  4.86 0.86 6.12 0.75 
Mud Pond Outlet 6/5/14  6.61 1.02 4.81 0.57 
Mud Pond Outlet 7/31/14  7.88 0.97 6.20 0.92 
Mud Pond Outlet 4/13/15  4.84 0.88 3.97 0.70 
Lake Auburn 7/10/13 1 4.82 0.81 5.54 0.73 
Lake Auburn 7/10/13 5 4.92 0.82 5.65 0.74 
Lake Auburn 7/10/13 10 5.10 0.83 5.64 0.75 
Lake Auburn 7/10/13 15 5.08 0.83 5.62 0.77 
Lake Auburn 7/10/13 25 5.06 0.82 5.57 0.75 
Lake Auburn 7/10/13 36 5.08 0.83 5.63 0.76 
Lake Auburn 9/20/13 4 5.04 0.83 5.70 0.76 
Lake Auburn 9/20/13 11 5.49 0.85 6.05 0.76 
Lake Auburn 9/20/13 15 5.13 0.82 5.73 0.76 
Lake Auburn 9/20/13 21 5.21 0.83 5.71 0.78 
Lake Auburn 9/20/13 34 5.38 0.84 6.14 0.77 
Lake Auburn 3/19/14 1.8 5.39 0.90 6.50 0.87 
Lake Auburn 3/19/14 8 5.26 0.88 6.34 0.85 
Lake Auburn 3/19/14 16 5.42 0.90 6.62 0.86 
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Sample ID Date Depth  Ca Mg Na K 
    m mg/L mg/L mg/L mg/L 
Lake Auburn  24 5.56 0.92 6.92 0.88 
Lake Auburn 3/19/14 32 5.62 0.93 7.05 0.89 
Lake Auburn 6/5/14 1 6.16 1.02 7.45 0.95 
Lake Auburn 6/5/14 1 6.16 1.02 7.45 0.95 
Lake Auburn 6/5/14 9 5.77 0.96 6.91 0.90 
Lake Auburn 6/5/14 9 5.77 0.96 6.91 0.90 
Lake Auburn 6/5/14 30 5.93 0.99 7.08 0.91 
Lake Auburn 6/5/14 30 5.93 0.99 7.08 0.91 
Lake Auburn 7/31/14 4 5.82 0.89 6.56 0.84 
Lake Auburn 7/31/14 12 7.09 1.05 7.82 1.00 
Lake Auburn 7/31/14 31 6.15 0.92 6.73 0.89 
Townsend Brk Downstream 6/5/14  10.55 1.57 12.22 1.01 
Townsend Brk Downstream 7/31/14  11.94 1.37 8.37 1.12 
Townsend Brk Downstream 4/13/15  4.11 0.79 4.25 0.85 
Townsend Brk Upstream 6/5/14  13.48 1.46 9.29 1.40 
Townsend Brk Upstream 7/31/14  13.37 1.30 8.62 1.41 
Townsend Brk Upstream 4/13/15  3.90 0.75 3.55 0.61 
 
Table A3: Total Cations. Ca, Mg, Na and K data for all samples in this study. 
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Sample ID Date Depth  Al, R Al, D Al, O Fe, R Fe, D Fe, O Mn, R Mn, D Mn, O 
    m µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L 
Basin Outlet 3/19/14  47.2 34.9 30.0 287 223 196 61.1 45.0 <10 
Basin Outlet 6/5/14  31.66 18.42 13.17 149.27 96.12 96.69 19.77 13.32 0.00 
Basin Outlet 7/31/14  31.28 17.71 17.16 289.49 193.01 190.45 32.76 17.20 0.95 
Basin Outlet 4/13/15  53.77 34.17 23.87 111.25 73.78 56.33 16.11 13.37 0.74 
L Wilson Outlet 7/31/14  37.37 30.37 21.03 69.19 55.75 45.22 7.07 3.97 0.35 
L Wilson Outlet 4/13/15  49.19 40.71 32.33 78.04 65.21 60.50 14.66 10.00 0.96 
L Wilson Outlet 6/5/14  41.67 -- 19.51 84.87 -- 45.20 10.67 12.92 0.00 
LA Intake 7/31/14 4 12.07 11.42 5.77 19.17 3.13 3.81 8.48 0.66 0.10 
LA Outlet 7/31/14  13.57 7.90 6.29 24.31 4.99 6.85 8.16 1.84 0.15 
LA Outlet 4/13/15  5.17 1.33 2.69 13.14 3.93 6.31 2.77 1.45 0.47 
Mud Pond Outlet 6/5/14  63.31 46.92 47.31 110.49 81.34 79.70 18.52 14.07 0.00 
Mud Pond Outlet 7/31/14  93.38 77.75 74.78 185.65 141.43 136.35 17.16 9.71 1.11 
Mud Pond Outlet 4/13/15  115.46 53.53 42.57 170.85 100.37 76.07 35.58 26.31 0.63 
Lake Auburn 7/10/13 1 12.3 <10 <10 21.6 8.6 7.7 <10 <10 <10 
Lake Auburn 7/10/13 5 12.7 <10 <10 28.3 9.2 6.5 <10 <10 <10 
Lake Auburn 7/10/13 10 <10 <10 <10 20.2 5.2 0 10.5 <10 <10 
Lake Auburn 7/10/13 15 <10 <10 <10 39.7 6.9 0 54.0 35.0 <10 
Lake Auburn 7/10/13 25 <10 <10 <10 49.0 8.6 5.8 65.6 45.9 <10 
Lake Auburn 7/10/13 36 <10 <10 <10 93.4 16.9 11.1 134 102 <10 
Lake Auburn 9/20/13 4 <10 <10 <10 40.1 <5 <5 23.2 <10 <10 
Lake Auburn 9/20/13 11 <10 <10 <10 316 78.1 82.5 358 307 <10 
Lake Auburn 9/20/13 15 <10 <10 <10 192 26.6 22.9 212 143 <10 
Lake Auburn 9/20/13 21 <10 <10 <10 294 37.9 <5 341 238 <10 
Lake Auburn 9/20/13 34 <10 <10 <10 620 93.1 85.2 774 679 <10 
Lake Auburn 3/19/14 1.8 <10 <10 <10 9.1 <5 <5 12.9 <10 <10 
Lake Auburn 3/19/14 8 <10 <10 <10 13.3 <5 <5 12.2 <10 <10 
Lake Auburn 3/19/14 16 <10 <10 <10 38.4 6.4 6.4 22.4 <10 <10 
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Sample ID Date Depth  Al, R Al, D Al, O Fe, R Fe, D Fe, O Mn, R Mn, D Mn, O 
    m µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L µg/L 
Lake Auburn 3/19/14 24 <10 <10 <10 63.6 16.3 13.4 29.3 <10 <10 
Lake Auburn 3/19/14 32 <10 <10 <10 111 26.3 18.6 287 229 <10 
Lake Auburn 6/5/14 1 5.38 0.00 0.00 19.56 35.83 1.61 3.63 0.00 0.00 
Lake Auburn 6/5/14 1 5.38 0.00 0.00 19.56 35.83 1.61 3.63 0.00 0.00 
Lake Auburn 6/5/14 9 2.96 0.00 0.00 17.95 0.00 0.00 4.48 0.00 0.00 
Lake Auburn 6/5/14 30 1.47 0.00 21.83 23.93 1.92 48.95 6.82 0.00 0.00 
Lake Auburn 7/31/14 4 12.19 16.97 16.16 16.48 2.01 4.20 5.56 0.39 0.11 
Lake Auburn 7/31/14 12 12.27 11.44 6.25 22.36 4.54 4.17 13.07 4.27 0.13 
Lake Auburn 7/31/14 31 9.12 10.39 5.79 67.96 9.19 7.55 133.72 86.05 0.11 
Townsend Brk Downstream 6/5/14  80.15 64.49 47.06 522.42 310.93 298.93 32.44 24.70 0.00 
Townsend Brk Downstream 7/31/14  59.40 59.11 64.71 491.74 431.72 356.60 20.16 18.90 1.65 
Townsend Brk Downstream 4/13/15  114.47 77.91 63.09 178.93 125.07 92.54 23.38 18.51 1.03 
Townsend Brk Upstream 6/5/14  91.50 22.19 21.32 313.64 127.37 185.70 20.77 10.09 0.00 
Townsend Brk Upstream 7/31/14  84.10 60.97 60.11 376.34 318.63 307.60 19.63 17.82 1.20 
Townsend Brk Upstream 4/13/15  110.59 66.95 53.70 118.83 61.82 55.05 18.23 13.90 0.85 
 
 
Table A4: Al, Fe, and Mn speciation. Data for all samples taken in this study. R = total recoverable metals, D = total dissolved metals, O = 
organically-bound metals. 
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Sample ID Date Depth  TOC Total P 
    m mg/L µg/L 
Basin Outlet 3/19/14  4.69 7.6 
Basin Outlet 6/5/14  4.64 8.6 
Basin Outlet 7/31/14  5.79 13.7 
Basin Outlet 4/13/15  3.4 5 
L Wilson Outlet 7/31/14  6.57 7.3 
L Wilson Outlet 4/13/15  4.5 5 
L Wilson Pond Outlet 6/5/14  5.10 9.0 
LA Intake 7/31/14 4 3.28 10.9 
LA Outlet 7/31/14  2.92 7 
LA Outlet 4/13/15  2.4 6 
Mud Pond Outlet 6/5/14  7.15 11.2 
Mud Pond Outlet 7/31/14  11.5 39.5 
Mud Pond Outlet 4/13/15  3.6 12 
Lake Auburn 7/10/13 1 3.12 11.2 
Lake Auburn 7/10/13 5 3.08 12.9 
Lake Auburn 7/10/13 10 2.83 8.7 
Lake Auburn 7/10/13 15 2.68 12.8 
Lake Auburn 7/10/13 25 2.67 14.1 
Lake Auburn 7/10/13 36 2.71 20.6 
Lake Auburn 9/20/13 4 3.16 12.0 
Lake Auburn 9/20/13 11 2.59 14.3 
Lake Auburn 9/20/13 15 2.53 11.7 
Lake Auburn 9/20/13 21 2.51 23.7 
Lake Auburn 9/20/13 34 2.66 47.7 
Lake Auburn 3/19/14 1.8 3.02 10.3 
Lake Auburn 3/19/14 8 2.84 6.0 
Lake Auburn 3/19/14 16 2.78 -- 
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Sample ID Date Depth  TOC Total P 
    m mg/L µg/L 
Lake Auburn 3/19/14 24 2.89 11.2 
Lake Auburn 3/19/14 32 2.87 17.5 
Lake Auburn 6/5/14 1 2.81 9.2 
Lake Auburn 6/5/14 1 2.81 9.2 
Lake Auburn 6/5/14 9 2.77 13.0 
Lake Auburn 6/5/14 9 2.77 13.0 
Lake Auburn 6/5/14 30 2.65 9.6 
Lake Auburn 6/5/14 30 2.65 9.6 
Lake Auburn 7/31/14 4 2.95 6.9 
Lake Auburn 7/31/14 12 2.57 10.9 
Lake Auburn 7/31/14 31 2.83 12.8 
Townsend Brk Downstream 6/5/14  6.84 17.0 
Townsend Brk Downstream 7/31/14  8.03 22.2 
Townsend Brk Downstream 4/13/15  3.4 11 
Townsend Brk Upstream 6/5/14  3.45 15.3 
Townsend Brk Upstream 7/31/14  7.09 17.4 
Townsend Brk Upstream 4/13/15  3.6 8 
 
 
Table A5: TOC and TP. Data for all samples taken in this study. 
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APPENDIX B: 210-Pb Data 
 
 
 
Figure B1: Specific activity of 210Pb in Lake Auburn sediment  
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APPENDIX C: Site Maps 
 
Figure C1: Bathymetric map of Lake Auburn. MEDEP 2015, Available from 
www.lakesofmaine.org. Sample stations shown were used as part of this study 
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Figure C2: A map of the Lake Auburn watershed (—) with sub-catchments (- -).  
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